2 natural polymeric composite are carefully analyzed and associated to its spontaneous movement.
Surface tension change experiments are also presented that connect the essential oil release with the locomotion of the porous composite films. This research work opens novel routes towards bio-inspired natural materials that can be used for mimicking and studying the motion of bio-organisms and microorganisms, and for applications such as energy harvesting, aquatic pollution monitoring, drug delivery, to name few.
Introduction
Motion of biological systems can be induced from non-equilibrium conditions, related to physical or chemical instabilities. [1, 2] When the driving force is the surface tension gradient created at the edges of floating systems in contact with water, then the movement is explained by the so-called "Marangoni effect". [3] [4] [5] [6] Non-biological self-propelled systems based on this effect have also been developed, with the most studied one being the camphor that shows spontaneous movement on the air/water interface. [1, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Other self-motors with propelling function based on the same principle have been reported and can be used for environmental, [11, 26] drug delivery, [25] lab-on-a-chip or energy harvest applications. [13, 21, 23, 24] The maximum recorded velocity of a camphor disk on the air/water interface has been approximately 6 cm/s [10] with the duration of the motion lasting few seconds. Disk-shaped gel particles formed from camphor, agarose and PDMS were also developed for spontaneous locomotion at the air/water interface [22] with maximum velocity 2 cm/s. A different than camphor system that has been reported was based on a 1,10-phenanthroline disk moving on divalent metal ion aqueous solutions, where the velocity of the disk ranged from 10 to less than 3 cm/s depending on the metal ions. [15] Another reported system was made of self-assembled peptides incorporated into a metal-organic framework and released upon contact with water, causing a propulsion with velocity between 4.5 and 8.5 cm/s for few minutes. [27] In an alternative approach the supply of ethanol to a tank reservoir on the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 top of a nanocellulose film provided surface tension gradient on the water surface, responsible for the movement of the film for 74 m at a velocity of nearly 2 cm/s (~ 1 hour movement). [9] Additionally, lithographically structured poly-N-isopropylacrlylamide (PNIPAm) gels soaked in ethanol and then placed on water have shown velocities of 17-39 cm/s depending on the shape and size of the gel. [7] Similar velocities (30 cm/s) have been also reached with microflotillas consisting of various SU-8 microboats filled with isopropyl alcohol and linked with a Nylon rope. [12] An overall review of the various self-propelled systems (either those where the propellant container was at the same time the propelled object or the ones where the propellant was placed in a reservoir) and their velocities is well described in the work of Pimienta and Antoine.
[28]
Here, we present the realization of a new self-propelled system consisting of cellulose acetate (CA) and peppermint (PM) essential oil. Disc-shaped objects of few millimeters diameters made of this natural composite are capable of producing significant mechanical work on the air/water interface for few hours. In particular, upon contact with water the presented natural composites start expelling the contained essential oil changing their composition in a dynamic way. The movement of the system is due to imbalance of forces parallel to the water surface, because of differences of surface tension created at the margins of the samples due to the essential oil expel. Apart from the PM essential oil release in water, also its simultaneous partial evaporation in air is responsible for the surface tension gradients created at the edges of the floating object at the air/water interface. The Marangoni flow that pulls the composites from their position occurs from the lower (expelled essential oil) to the higher (water) surface tension areas. [29] The composite developed in this work has many advantages compared to other systems since it is totally natural and inexpensive, self-assembles into a porous structure, can be used as self-standing material or as coating on devices, its direction of motion can be selected by modifying its shape, its propulsion can have very long duration and reaches velocities higher than 10 cm/s. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 2. Methods and Results
Composite Material Development
Free-standing composite films of CA and PM essential oil were developed as described in the experimental part and subsequently were accurately cut in disc shapes of 14 mm diameter, 55 μm thickness and 10 mg weight. The calculated amount of PM oil inside the Motor was 6.7 μg. The CA-PM essential oil disc Motors attain a whitish color, different than the transparent bare CA film ( Figure   1a ), due to light scattering effects caused by their structure, that will be analyzed further down. The 
Self-propulsion on Water
Upon placement of the microporous disc-shaped Motors on the water surface, they exhibit intense and variable propulsion. The locomotion of the disc Motors, has been recorded using a video camera and analyzed using recognition and edge detector techniques. [30] [31] [32] [33] The analyzed motion of one selected sites of the Motor with respect to others that changes dynamically, due to structural variations in the films, creating varying surface tension barriers at the Motors' edges that need to be overcome from the Motors in order to move, all phenomena that will be further analyzed next. The position of the Motor versus time is plotted in Figure 2e for the whole motion duration, where it can be seen that for most of the time the motion was quite regular and was happening on average around all the area of the 14 cm-diameter Petri dish. Only in the beginning (0-320 s) and towards the end, after approximately 8200 s, the motion appeared more random and localized at one side of the Petri dish. In the latter case the motion becomes localized due to reduced mobility of the Motor, whereas in the former case the reason can be connected to the highly irregular essential oil release at early times. In Figure ). This velocity is higher than those of other reported Motors where, as in our case, the material is the propelled object itself. For example, the velocity of a representative camphor on water was about 4 cm/s [28, 34] and of a metal organic framework that was releasing peptides onto the water-air interface from 2 to 8 cm/s for few minutes [27] . Interestingly, the disc was rotating both clockwise and anticlockwise (supporting information Figure S2 ), another indication of uneven distribution of the expelled essential oil along the disc periphery, with the average module of rotation velocity oscillating between 10 -20 rpm approximately (supporting information Figure S3 ). From the translational velocity (Figure 2g ), the angular velocity ( Figure S3 ) and knowing the mass (0.01 g) and the inertia of the disc Motor it was possible to estimate its kinetic energy, that is plotted in Figure 2h . It can be noticed that the maximum kinetic energy was not obtained at the very beginning but after almost 13 minutes (778 s) from the initiation of the motion. This time is most likely related to the maximization of the essential oil release rate from the CA matrix. Indeed after about 13 min of locomotion the number of discrete movements of the Motor is maximum, and subsequently it decreases with time gradually, as shown in Figure 2i . The cumulated overall distance travelled by the Motor was calculated integrating the velocity of the Motor (Figure 2g ) and is shown in Figure 2j . After 3 h the disc, that contained 6.7 mg of PM, had travelled more than 77 m, a much higher distance than the one travelled by camphor boats (millimetres or centimetres), [1, 28, 34] by polymeric capsules with organic solvents (25 m) [35] and by flotilla boats with isopropyl alcohol reservoir (1 m) [12] . In the work of metal organic framework the amount of peptides used as a fuel was varying between 234 and 702 mg and the framework was propelled with velocities ranging from 2 to 8 cm/s for 5-15 min depending on the amount of peptides [27] . In another work, 5 μl of a polysulfone in N,N-dimethylformamide (DMF) solution was placed on a water surface and solidified creating porous polymer capsules. The DMF was slowly released ranging the velocity between 11.4 -15.7 cm/s and for a distance of 24.52 m. The motion termination of the CA-PM Motor can be related to both the total expulsion of the essential oil from the porous composite and the saturation of the surface tension. The second hypothesis 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 was verified in this work since for all the experiments performed onto the confined water surface, after the end of the propulsion effect, the samples were able to continue the movement when they were put onto fresh water. This demonstrates that even if a part of the released essential oils evaporates, the substances remaining onto but also dissolved into the water would eventually minimize the surface tension differences between the expelled oil and the liquid on which the Motor floats, preventing the locomotion of the latter. Two videos (see supporting materials Video S1) show the aged disc-shaped
Motor after 2 h and after 1 day locomotion on water, respectively, dried and placed onto fresh water (note that disc Motors might need to be flatten on the water prior to their movement, since they were slightly bended when dried). The videos of selected intervals of the Motor are presented in the supporting information (Videos S2-S8). During the first phase of the experiment (before removal from the water and drying) the motion of the Motor after 2 hours was very slow with velocity from 0 -60 mm/s and just 3 intermittent movements within 2 min (Video S8), whereas after one day the sample appeared immobile. Inversely, the Motor previously left for 2 h on water, after being dried and repositioned on fresh water, was able to move again in a continuous way (Video S1 -left part of the video) for the first minutes and intermittently afterwards, completing its motion after 1600 s (27 min) approximately. Noticeably the motion was always regular following the path of boundaries of the Petri dish, most probably due to the low amount of remaining PM in the CA matrix that was continuously released towards one side indicated by the motion direction. The aged Motor previously left for 1 day on water was able to perform just few small movements on the fresh water (Video S1 -right part of the video) since most of its pores, previously containing the essential oil, were already open, as is described below in the SEM analysis section. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 64 65
Mechanism of Locomotion
In Figure 3 To explain in detail the locomotion mechanism, changes in the water surface tension were measured using a Langmuir-Blodgett (LB) tensiometer after placing the Motor on the surface of 200 ml of water in a Petri dish of 14 cm diameter. It is expected that as soon as the Motor comes in contact with the water the PM essential oil starts being released decreasing the surface tension of water, since PM has much lower surface tension (approximately 27 mN/m) than water (72mN/m). [37] The changes in the surface tension do not depend only on the essential oil release but on a combination of subsequent 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 phenomena, like PM evaporation and dilution, since it is well known that EOs consist of many volatile, and few water soluble chemical compounds. [38] The change in the surface tension ( (t)) that in the bibliography is often found as surface pressure [39, 40] is given by the Equation 1:
where γ0 is the surface tension of pure water and γ(t) is the surface tension related to the essential oil's release, evaporation and dissolution. After the placement of the Motor on the water surface, the change of surface tension increased rapidly reaching about 2mN/m in 700 s (Figure 4a verifying that the motion of the Motor depends on the changes of the surface tension at its borders induced by essential oil release. As expected, the control experiment with the CA disc without the PM essential oil placed on water, showed that the variation of surface tension remained zero with just a small peak due to the disturbance of the water surface upon placement (Figure 4a blue line). 5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 The combinatory effect of the sequential or parallel events of the essential oil-release from the CA matrix, its partial evaporation, and dissolution, is responsible for the dynamic change of the surface tension of the liquid on which the Motor is moving. Even after 3 h of motion (Figure 4a ) the surface tension has not reached a stable value. This dynamic change is responsible for the prolonged movement of the CA-PM Motors, since as long as the surface pressure is not stabilized the propulsion continues.
Indeed, in the case of camphor boats [41, 42] or soaps [43] the surface pressure reaches rapidly a plateau resulting in their short motion duration (seconds or minutes). Comparing the camphor and the soap systems, the use of the first saturates faster the surface with surfactants than the more volatile camphor, making the motion of the second to last longer [44] . Figure 4b , that shows in detail the changes in surface tension for the first 300 s of motion of the composite Motor, reveals that during this time this change increases in a continuous, undisturbed way.
Figs. 4c, d instead show in detail the changes in surface tension for later times of the motion and demonstrate that the surface tension variation shows repeated "spikes" with decreasing frequency as the time passes. As mentioned above, the "spikes", that start to occur after 300 s of motion, represent discrete movements of the natural composite, since they result from the perturbation on the water surface every time the Motor changes direction. The "spikes" reveal a motion of the Motor with increased intensity after 300 s, exactly as described above in the Figure 2 . This most likely occurs because the CA matrix needs this initial time to swell by water, releasing after the swelling in a more abrupt way the encapsulated essential oil from the pores. The number of the discrete movements vs locomotion time was calculated and depicted in Figure 4e , and is found to be very similar to the one obtained from the video analysis of the experiment performed under the same conditions, previously presented in Figure 2i . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 64 65 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 2 mN/m was already reached after 4 s and then it tends to return to the starting value reaching a plateau, a bit higher than zero, after few hundreds of seconds, due to the non-volatile components of the PM essential oil. These, as expected, are much faster dynamics than the ones of the release and relaxation when the composite material is placed on the water surface since in the latter case the CA matrix controls the PM essential oil release (note that the produced Motors contain 6.7 mg of PM). Due to this controlled release, and the simultaneous evaporation and dissolution mechanisms, a much higher amount of PM essential oil than 0.6 mg needs to be exerted from the matrix in order to eventually be reached a change in the water surface tension of 2 mN/m.
Conclusions
Summarizing, in this work it was presented the development of a new natural porous composite material, using a combination of cellulose acetate polymer with an essential oil, that showed selfmotion on water due to the "Marangoni effect". The velocity duration of the natural composite are higher compared to other propellants, that contain the propelled object themselves, reported until now.
The presented system is a versatile self-motor without the need of an external fuel reservoir or an added boat to stimulate or support the composite. The mechanism of the locomotion was based on the slow release of essential oil due to the highly porous matrix of the Motors, and its simultaneous evaporation from the water surface, resulting in extended surface tension gradient, enabling the prolonged movement of the Motor. The Motors stop moving when all the PM oil is released from their pores. An amount of 6.7 μl of PM essential oil was able to move the Motors for 60 m in 4000 s (1 hour and 7 min) and for more than 75 m in 3 hours. A velocity of more than 10 cm/s was achieved at least for the first 30 min of movement. It was also found that the surface tension change was very well correlated to the kinetic energy variations of the Motors in time. The knowledge acquired in this work can be useful 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 in further studies of self-propelled bio-mimetic aquatic systems, and the obtained optimized and prolonged motion can be used for developing technologies for drug delivery, energy harvesting, lab-ona-chip or other advanced applications.
Experimental Section
Incorporation of PM oil into CA and preparation of boats. A solution of CA (5% w/v) and PM oil (10% v/v) in acetone was prepared. The mixture was casted on a silicon wafer and the solvent was left to evaporate. Then the film was detached from the substrate and cut in disc shapes with 14 mm diameter, 55 μm thickness and 10 mg weight.
Instrumentation. A Park System AFM instrument (XE-100) was used in non-contact mode. The images were acquired in air on an anti-vibration table (Table Stable TS 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Goniometer at laboratory conditions (temperature of 22-25 °C and relative humidity of 50-60%).
ImageJ analysis was used to calculate the number and the area of the open pores, the SEM images were processed to "binary images", then find edges was selected from "process" and then "analyse particles"
was selected where the number and the area of the particles were calculated. 
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